Several dengue (DEN) virus vaccines are in development; however, the lack of a reliable small animal model in which to test them is a major obstacle. Because evidence suggests that interferon (IFN) is involved in the human anti-DEN virus response, we tested mice deficient in their IFN functions as potential models. Intraperitoneally administered mouse-adapted DEN 2 virus was uniformly lethal in AG129 mice (which lack alpha/beta IFN and gamma IFN receptor genes), regardless of age. Immunized mice were protected from virus challenge, and survival times increased following passive transfer of anti-DEN polyclonal antibody. These results demonstrate that AG129 mice are a promising small animal model for DEN virus vaccine trials.
After malaria, dengue (DEN) is the most important emerging tropical infectious disease. Worldwide it is estimated that 100 million cases of DEN fever occur each year (8) . The severe form of the disease, DEN hemorrhagic fever-dengue shock syndrome (DHF/DSS), is one of the most important causes of hospitalization and death among children in Asia. The average case-fatality rate for DHF is 5% when appropriate supportive treatment is given. DEN viruses (serotypes 1 through 4) are mosquito borne and are the causative agents of these diseases. Since the description of DEN etiology in 1944 (27) , considerable effort has been put into vaccine development (5, 23) ; however, significant difficulties have been encountered. Because antibody-dependent enhancement has been associated with DHF/DSS, a tetravalent vaccine is preferable. DEN virus is not normally pathogenic in mice; therefore, an appropriate and useful small animal model has been lacking, despite numerous attempts at development (24) . Evidence exists that alpha and beta interferons (IFN-␣/␤) and gamma IFN (IFN-␥) might be involved in human DEN infections (16, 18) . In addition, exogenously administered IFN appears to protect mice from DEN virus challenge (2) . This information suggested to us that mice defective in their IFN response might provide a suitable model for DEN virus infection.
Mice with a 129Sv(ev) background that had deficiencies in IFN responses were developed previously (28) . When these mice were used, IFN-␣/␤ was found to be important in the regulation of vesicular stomatitis virus and Semliki Forest virus replication (22) . IFN-␥-deficient mice had increased susceptibility to tuberculosis (3), whereas the functions of IFN-␣/␤ and IFN-␥ in combination appeared to be critical for antiviral defense against Theiler's (6), vaccinia, and lymphocytic choriomeningitis viruses (28) . To determine if any of the IFN transgenic mouse strains were susceptible to DEN virus infection, mice deficient for IFN-␣/␤ and -␥ receptors in combination (AG129), as well as mice lacking IFN-␣/␤ receptors only (A129) and their wild-type counterparts (WT129), were obtained from B & K Universal, Hull, United Kingdom. Mice without the ability to synthesize IFN-␥ (GKO) (3) and BALB/c controls were also acquired, as a gift. Initially, groups of five AG129 and five WT129 mice aged 4, 6, 8, and 12 weeks old were inoculated intraperitoneally (i.p.) with 10 6 PFU of a mouse-adapted DEN 2 virus strain, New Guinea C. AG129 mice of all age groups began to exhibit neurological abnormalities, including hind-leg paralysis and blindness, around day 7 after inoculation, and mice were dead by day 12. In contrast, none of the WT129 mice showed symptoms. To ascertain whether a smaller challenge dose was appropriate for use in adult mice, 10-fold dilutions of virus were introduced i.p. into 8-week-old AG129 mice. Survival times increased as the viral load decreased and ranged from 10 days (10 6 PFU) to 28 days (10 3 PFU). For experimental convenience and maximum stringency, a challenge dose of 10 6 PFU was used in subsequent studies.
To determine which aspect of the IFN response was critical in protecting these mice from DEN virus infection, animals individually deficient in either IFN-␣/␤ (A129) or IFN-␥ (GKO) functions as well as BALB/c controls were subjected to a similar DEN virus challenge. None of these mice exhibited any overt symptoms of illness, indicating that for DEN virus infection, IFN-␣, -␤, and -␥ abnormalities in combination were necessary for the mouse-adapted virus to be lethal when the i.p. challenge route was used. The remote possibility exists that IFN-␥-deficient mice with the 129Sv(ev) genetic background differ from the GKO mice used in this study with respect to their susceptibility to DEN 2 virus. Tissue culture-passaged DEN 2 strain 16681 failed to kill 8-week-old AG129 mice (data not shown), suggesting that mouse adaptation was necessary for DEN virus to be lethal.
Viremia was monitored in groups of five DEN virus-infected 6-week-old AG129 mice each and in groups of two WT129 mice each. Plaque titrations of virus recovered from the brain, spleen, and serum were performed ( Fig. 1) following inoculation with 10 6 PFU of mouse-adapted DEN virus. Samples were taken at days 1, 3, 5, and 9 and at days 10 to 12 after inoculation and homogenized with bovine albumin-phosphate-buffered saline (PBS) medium and sterile sand by using a Bellco grinder. Homogenates were centrifuged at 1,500 ϫ g for 10 min, decanted, and adjusted to make 10% suspensions. Processed tissues were serially diluted and adsorbed for 45 min onto Vero cell monolayers in six-well plates. Infected cells were overlaid with a mixture containing 1% noble agar, 1ϫ medium 199, 1% fetal bovine serum, and 0.75% DEAE dextran. Plates were incubated at 37°C for 7 days, after which 2.5 ml of a second overlay, containing the ingredients of the first overlay with neutral red added to a final concentration of 0.4%, was added. Plaque formation was monitored for the next 5 days. Virus levels in the serum and spleen of the AG129 mice peaked at day 3 and dropped sharply thereafter. Low levels of virus persisted until day 9 in the serum and until day 12 in the spleen. Viral titers in the brain rose logarithmically throughout the period of infection until the mice died, at days 10 to 12. Virus was not found in any of these three tissue types for the WT129 control mice. Spleen and serum virus titers within the groups of AG129 mice were fairly consistent. Levels of virus in the brain exhibited greater variability within the groups, fluctuating as much as 2 log units for any time point. However, by days 10 to 12, a demonstrable amount of virus was isolated from the brain tissue of all animals. The weights in grams of the spleens and brains were recorded, and while the brains retained consistent weights in both AG129 and WT129 mice, the spleens in the AG129 mice were considerably enlarged on days 3 and 5 after inoculation (data not shown). A retrospective virus titration was also performed on day 3 serum samples taken from groups of AG129 mice that were similarly infected with 10 6 PFU of DEN 2 16681 or its vaccine derivative, PDK-53 (13) . Day 3 mean counts were 3 ϫ 10 3 PFU/g (PFU/ ml) and 1 ϫ 10 2 PFU/g for these viruses, respectively, and the standard errors were calculated (data not shown). Therefore, while DEN 2 viruses 16681 and PDK-53 were nonlethal, they were shown to replicate in the AG129 mice. Evidence exists that a breakdown in the blood-brain barrier occurs in DEN 2 virus-inoculated adult Swiss albino mice (1); however, the study showed that virus could be detected only in the brains of intracranially (i.c.)-inoculated animals. Severe combined immunodeficient (SCID) mice that were reconstituted with human peripheral blood lymphocytes have also been evaluated as an animal model for DEN virus infection (29) . Even in SCID mice, DEN 1 virus could be detected very rarely in the brain. Hotta et al. (9) showed that DEN 1 virus (strain Mochizuki) was present in the tissues of nu/nu and nu/ϩ BALB/c mice following peripheral inoculation. Nevertheless, viremias were absent, and mortality rates were only 40 to 60%. The investigation described here is the first instance in which DEN virus has been both 100% lethal in mice and consistently present in the sera and tissues following i.p. introduction into mice.
To confirm whether the AG129 mice could function as a model for DEN vaccine testing, we intraperitoneally inoculated groups of 8-week-old animals at 2-week intervals with either one or two doses of 10 5 PFU DEN 2 16681 or the vaccine derivative PDK-53. After a period of 14 days after the final immunizing dose, mice were bled and then were challenged with 10 6 PFU of mouse-adapted DEN virus. Survivors were bled 28 days after challenge. Control groups of WT129 mice were similarly immunized. In addition, a control group consisting of AG129 mice was inoculated with two doses of PBS prior to virus challenge. Antibody production was evaluated by using a plaque-reduction neutralization test (PRNT) (4) and an enzyme-linked immunosorbent assay (ELISA) (25) ( Table 1) . AG129 mice immunized with DEN 2 16681 produced significantly higher neutralizing antibody and ELISA titers than mice immunized with PDK-53, and the difference was especially noticeable after a single inoculation. This was consistent with the data indicating that the 16681 strain replicates more efficiently than the vaccine derivative in these mice. The 90% PRNT values revealed an appreciable increase in titer in response to both immunizing viruses after a second dose. The WT129 mice responded minimally to immunization. Group survival rates were 100% with the exceptions of the AG129 mice that received a single dose of PDK-53 and the PBS-inoculated (control) group. When PRNT data acquired before and after challenge were compared, slight increases in the titers of the AG129 mice immunized with DEN 2 16681 were observed. By contrast, the challenge virus induced significantly elevated PRNT titers in the PDK-53-immunized AG129 mice. Greater than fourfold increases in titer were observed at the 50% PRNT level after one immunizing dose and at the 90% PRNT level after one or two doses. No significant differences were noted between pre-and postchallenge ELISA titers in any group. Levels of neutralizing antibody increased substantially in the survivors after two inoculations, indicating the greater priming efficiency of the two-dose schedule. The mouse-adapted DEN virus elicited an immune response in all the WT129 mice, even though it was neither neurovirulent nor lethal. Conflicting evidence regarding the ability of IFN-␥ knockout or receptor-deficient mice to produce a normal humoral response has been reported (7, 10) . This suggests that the role of IFN-␥ in an antiviral immune response might be virus dependent. Our results indicate that in AG129 mice the humoral response to DEN virus is apparently normal; however, we did not determine whether the distribution of antibody subclasses was unusual in any way. IFN-␥ appears to be necessary for the production of immunoglobulin G (IgG) 2a antibodies (10) , and ranges for antiviral IgG levels of virus-infected AG129 mice have been reported to be within normal limits (28) but with a heavy bias toward IgG1. In our experiments, neutralizing titers in response to DEN 2 16681 were not as high as those produced following immunization of ICR mice with DEN 2 purified inactivated virus (23) . The lower titers in AG129 mice reported here are most likely due to the much smaller immunizing dose and the lack of adjuvant use rather than abnormalities of the IFN response.
To determine if the AG129 mice could be protected via adoptive transfer of anti-DEN virus antibody, groups of five mice were given 50-g or equivalent inoculations of monoclonal antibodies (MAbs) or PBS, intracardially, or polyclonal antibodies, i.p. At 22 h after transfer, mice were bled, and they were then challenged 2 h later with 10 6 PFU of mouse-adapted DEN 2 virus. Mice were monitored on a daily basis for signs of illness. Prechallenge ELISA titers for all groups ranged from 1:400 to 1:6,400 with the exception of the group inoculated with MAb 4E5 (which had a marginal average titer of 1:100) and the PBS-inoculated control group. The mice immunized with the MAbs died in the same time frame as the nonimmune controls with the single exception of one mouse in the 9A3D-8-inoculated group. The MAbs used were of isotype IgG2a and were previously shown to neutralize virus (26) or to protect mice from virus challenge (12) . The amount of antibody administered here was similar to doses previously shown to protect mice from challenge with other flaviviruses (11, 12, 20) and hence should have been sufficient for protection. The failure of passively transferred MAbs to protect mice from virus challenge might indicate that other classes or isotypes of antibody are required for protection in these mice. Alternatively, multiple antibody classes or isotypes may be necessary. While only one mouse was protected, the survival time for the animals increased following passive transfer of polyclonal DEN 2 mouse hyperimmune ascitic fluid (DEN 2 HIAF) (Fig. 2) . This result is similar to our observations for low challenge doses of DEN 2 virus, which also resulted in extended survival time. The DEN 2 HIAF caused an initial decrease in the effective challenge dose, requiring an extended period of viral replication before death occurred.
Cytotoxic T-lymphocyte (CTL) responses have been shown previously to be fully functional in AG129 mice; however, the presence of the IFN-␣/␤ component was important to avoid overwhelming virus replication and subsequent rapid exhaustion of CTL precursors resulting in CTL anergy (28) . Though the helper T-cell responses were found to be normal in IFN-␣/␤ and IFN-␥ receptor-deficient mice (22) , it is unknown whether this phenotype is additive in AG129 mice. The priming IgG responses observed in AG129 mice that were immunized with PDK-53 and were subsequently challenged with neurovirulent DEN 2 (strain New Guinea C) suggest that a helper T-cell response occurs. Whether the T-cell response in DEN virus-infected AG129 mice is normal still needs to be conclusively determined.
IFN-␣/␤ and IFN-␥ are documented as being produced in response to DEN virus infections both in vitro and in vivo. They probably play an important role in controlling both primary (14, 15, 17, 21) and secondary (30) infections. It has also been suggested that IFN-␥ plays a role in modulating DEN virus-specific CD8 ϩ CTL functions (19) . Children with DEN fever and DHF produce detectable levels of IFN-␣. In the individuals with DHF these levels persist even after the fever subsides (18) . Given this evidence, it was not surprising to find that the near-complete loss of an IFN response in AG129 mice rendered them susceptible to a lethal peripheral DEN 2 virus infection.
The consistent susceptibility of adult AG129 mice to DEN virus via a peripheral route of inoculation is unique. The virusimmune system interactions that would be expected following the bite of an infected mosquito are able to take place. Currently, the majority of preliminary vaccine trials are performed in BALB/c mice that are no older than 6 weeks of age, using an i.c. injection of 100 to 500 times the 50% lethal dose of the virus (5) . The resulting mortality rates are variable for nonimmune control groups, thus requiring that signs of morbidity, such as weight loss, be monitored closely. The use of BALB/c mice as a challenge model is paradoxical in light of the clinical symptoms induced by i.c. inoculation of mouse-adapted DEN FIG. 2. Survival curves of AG129 mice passively immunized with anti-DEN antibodies. MAbs (50 g) were transferred via intracardial inoculation to groups of five mice each. Equivalent doses of polyclonal antibodies were administered to five mice via i.p. inoculation, and a control group consisting of five mice intracardially inoculated with PBS was included. Animals were challenged 24 h later with 10 6 PFU of the mouse-adapted DEN 2 virus strain, New Guinea C. Mice were monitored on a daily basis for signs of illness, and each mouse was assigned a score as follows: 3 for healthy, 2 for sick (losing weight, ruffled coat, hunched, and/or moving slowly), 1 for paralyzed (dragging rear legs and/or blind), and 0 for mortally ill (euthanized) or dead. Scores were summed for the mice in each group; hence, the maximum score (for a healthy group of mice) was 15. virus into mice with various haplotypes (24) , where the least susceptible strain was BALB/c. Only nude mice exhibited 100% mortality following i.c. challenge with DEN virus. In comparison to that of nude mice, husbandry of AG129 mice is more convenient, requiring only a standard specific-pathogenfree environment. The AG129 mice also have the advantage of possessing a more-normal immune response than nude mice.
Of pressing interest are whether this model can be extended to include the other DEN virus serotypes and whether it can be used to mimic DHF/DSS. This is especially important for vaccine trials. The availability of the individual IFN-␣/␤ receptordeficient and IFN-␥ receptor-deficient mice may also aid in answering some of the questions related to IFN involvement in DHF/DSS. The AG129 mice may also be useful as models for other flaviviruses and may be helpful in development of antiviral agents against DEN virus. Clearly, there are some aspects of the DEN AG129 mouse model that need further investigation. These include identifying the effect that the lack of IFN receptors has on other aspects of the immune response to DEN virus and determining the relationship of this mouse model to primate or human infection with respect to accurate prediction of vaccine efficacy. Nevertheless, these results indicate that AG129 mice are the most promising small animal model for DEN virus infection that has been investigated to date. The use of the IFN receptor-deficient mouse model in laboratory trials of vaccines for this globally important disease should afford a significant advantage to DEN vaccine research and fill a critical experimental gap.
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